INTRODUCTION
THE aim of this paper is twofold: to demonstrate the suitability of fungi for studies in biometrical genetics, and to introduce biometrical methods to fungal genetics and mycology as a tool for investigating a number of important problems.
By studying the genetic control of continuous variation in fungi we have the possibility of (i) exploring further and hence clarifying such important concepts as dominance and non-allelic interaction, (ii) comparing the behaviour of genes at different stages in the fungus' life cycle (dikaryons vs. monokaryons) and (iii) making possible an analysis of the action of genes which control continuous variation, at the physiological and biochemical levels. Additional advantages of using fungi for biometrical analyses are their short life cycles, the ease of handling in large numbers and the strict control which is possible of their environmental conditions. Furthermore, formal genetical analyses of several species of fungi such as .Afeurospora crassa, Saccharomyces cerevisiae, Aspergillus nidulans and Schiophyllum commune are well advanced, as are also the techniques for genetical investigations.
The higher Basidiomycetes, from the group Hymenomycetes, have been chosen as the subjects of the biometrical investigation for two main reasons: first, the stability of the two principal stages in their life cycles, the monokaryotic and dikaryotic, which can be distinguished easily by the presence of clamp-connections in dikaryons; and second, the availability of discrete wild populations of these organisms and hence the possibility of looking for differences between them and relating these differences to the selection pressures operating within the populations.
The present paper deals with the analysis of growth rate of dikaryons of Schizophyllum commune. Experiments were designed to give answers to two problems:-i. The magnitude of the heritable and environmental components of variation of this character. 2. The genetic relation between the control of growth rate in the dikaryotic and monokaryotic stages of the life cycle. 
MATERIALS AND METHODS
Schizophyllum commune is an heterothalic basidiomycete, in which mating is controlled by two incompatibility factors, A and B. The bifactorial, or tetrapolar, incompatibility system is described in detail by Raper () and by Raper and Miles (1958) , and only the briefest account will be given here. Formation of a dikaryon is possible only by mating two monokaryons which carry different alleles at both the A and the B loci: A'B' xA2B2-(A1B' +A1B2) (following the notation used by most Schizophyllum geneticists). In certain conditions, the dikaryon forms Fin. i .-The design of the experiments.
fruiting bodies in which nuclear fusion and meiosis occur, followed by the production of basidiospores. The basidiospores germinate to give monokaryons of four incompatibility groups (A'B' +A2B2) -A1B1, A'B2, A2B', A2B2, by independent reassortment, which give new dikaryons only in two combinations: A'B1 x A2B2 and A'B2 x A2B1.
Two dikaryons were isolated from fruiting bodies recently collected were made between them (on sc plates as well). This design is summarised in fig. i .
Three days after making the matings, innocula were transferred to growth tubes to determine the growth rates of the dikaryons. The growth tubes used in these experiments are about 12 mm. in diameter and 15 cm. long, and contain 6 ml. of MT medium (a modification of the tubes used by Ryan, Beadle and Tatum, i3) . The tubes containing the inocula were incubated at 25° C. and the front of the mycelial growth was marked after three days. Ten days later, measurements of the total length of growth from the first mark were recorded.
The two parental dikaryons, with their monokaryotic and dikaryotic descendants, were grown in two separate experiments, each containing four blocks. Each block contained 97 randomised growth tubes, that is one tube each of the original dikaryon, the 24 monokaryons, and the 72 dikaryons, and was confined to a single shelf in the incubator. Each experiment thus consisted of 388 tubes in all.
The media used were:
sc (after Raper and Miles, 1958) The components of variation of dikaryotic growth rate were estimated by an analysis of variance of all the data concerned with growth rate of the dikaryotic combinations, i.e. the detailed data summed in the inner 6x6 squares of tables i, 2, 3 and 4.
From this analysis, estimates of the different components of variation are readily obtainable from the mean squares by a method which has been described in detail by Comstock and Robinson (1948; , although these authors have not discussed a situation like the present one, in which the crosses are between haploid and hence homozygous lines. 
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And the estimates of the components will be:-Where 4 is the environmental component of variation, a is the non-additive genetical component and appears with a coefficient n because it was obtained from sums, each of which is based on n observations, a and ap2 are additive genetical components, and have coefficients of n.m and n.f which are the total number of observations relating to each "father" or " mother" respectively. (4 will be the total genetical component of variation and 4-the blocks' component.) It is possible to divide the total observed variance, VT, into genetical and environmental components, VG and VE, such that VT = VG+VE.
We can further subdivide VG as VT = Vp + V1 + VE where V, the additive component comes from the "fathers" and " mothers" items in the above analysis of variance, that is V. is an estimate of 4+ 42, and V1 is an estimate of a.
The expected mean squares in the analysis of variance of the growth rates of dikaryons are as follows. 
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. 
THE NATURE OF THE PARENTS' INTERACTION
In the foregoing section, the genetic variance VG has been divided into an additive component, V,,, and a non-additive component, V1, which results from interaction between the two parental genotypes which contribute to the dikaryon. The nature of this interaction still needs clarification; its source can be non-allelic interaction or allelic interaction, i.e. dominance, or both. By carrying the analysis further, it can be shown that dominance by itself is sufficient to explain all the variation due to interaction between parental genotypes. We shall, therefore, ignore non-allelic interactions in the following model. 4, a and a + a2 can be defined by using Mather's (i) The expected variances will be:-
and over several independent genes,
Where DR and HR correspond to Mather's D and H for random mating. These expectations are in fact identical with those obtained by Comstock and Robinson (1948) and by Jinks In addition to the statistics which can be obtained from the analysis of variance, by following the approach of Jinks to the analysis of diallel crosses, one can recognise two further statistics, namely the variances and covariances of members of arrays; an array being defined as all the crosses involving any one parental line (any one monokaryotic strain). The It is possible to predict the slope of array values plotted on a W versus
The expectation of
This expectation shows that the W/ Vr graph will have a slope of when the frequencies of both alleles are equal. In crosses, however, when u v, the sign of (u -v) and of h will determine whether the slope will be greater or smaller than . It is also clear that arrays of parents containing dominant alleles will determine points nearer to the origin of axes on the graph, than arrays containing recessive alleles. The same expectations will hold also for several independent genes which effect the same character, provided the values of u are equal for all the genes. In each dikaryon, three out of the four sets of parents clearly agree with the expectation (i.e. a significant regression of W/Vr graphs), based on the model which assumes additivity and dominance only.
The disagreement with the model shown by parents (s-z) of dikaryon
No. i and parents (a-f) of dikaryon No. 2 is not real, and can be accounted for by sampling errors. As shown in fig. 6 , discrepancies from an expected regression line and the scatter of the W/ Vr points on the graph can be caused by different u values for different genes. Since in each experiment random samples of monokaryons originating from one dikaryon were used one can assume that u = v = for all genes within the sampling error, providing of course that there is no differential viability. The validity of the assumption is confirmed by the fact that none of the eight WfVr regression coefficients differ significantly from . In these circumstances we can simplify the expected values of DR and HR by putting u = v = so that DR = 2d2 and HR = 'h2 (see Mather, '949). Another conclusion which can be drawn from figs. 4 and 5 is that dominance in the different loci controlling dikaryotic growth is ambidirectional. Thus some of the dominant arrays, which determine points near the origin of the axes on the W./ V,. graphs, have high mean values, and others have low mean values, and similarly for the recessive arrays.
Before leaving the problem of the WJ Vr graphs, it should be noted that in two cases (in (m-r) x (s-c) of dikaryon No. x, and in (a-f) x (g-l) of dikaryon No. 2) the points based on one set of common parents give highly significant regressions, while those based on the other set of common parents give non-significant regressions. This appears to be a contradiction since the same data are used for both graphs. The model situation graphed in fig. 6 (the last two graphs), however, shows how this can come about. Thus if one set of parents has Ua
Ub and the other deviates from this, then the former will give a good linear regression and the latter will not.
THE CORRELATION BETWEEN DIKARYONS AND PARENTAL MONOKARYONS IN RESPECT TO GROWTH RATE
In this section we shall estimate how much of the variation among dikaryons can be related to variation in the parental monokaryons.
The growth rates of the monokaryons, given in italics in the margins of tables i, 2, 3 and 4, have not so far been used in the analysis. The experiments, however, were designed to provide estimates of the correlation between the growth rates of monokaryons and dikaryons, each dikaryon having been grown in the same experiment with its monokaryotic parents. For each dikaryon, the value of dikaryotic growth rate and the mean value of the parental monokaryotic growth rates determine a point in the graphs shown in fig. 7 In three of the four analyses, the linear regression mean squares are significant when tested against the remainder, and in all four analyses the remainder mean squares are significant when tested against the error. It seems, therefore that while a significant part of the variation in the growth rates of dikaryons can be related to variation in the monokaryotic parents, there is a significant remainder which 350 . 0 .
. . cannot be accounted for in this way. These analyses provide us with an alternative method of partitioning the Variation among dikaryons into components, to the one summarised in table 6. In the present analysis VG = VM + VNM where VG is again the total genetical variation of diakryotic growth rates, VM is that part of the variation which is correlated with the mean growth rate of parental monokaryons, and VNM represent the fraction of the genetical variation which cannot be predicted from variation among parental monokaryons. From these definitions VM = r2 VG where r is the correlation between the growth rates of the dikaryons and the means of the growth rates of the monokaryotic parents. r2 can be derived from the regression analyses as follows.
(SCP(dik. xmonok.))2 Regression SS = SS monok.
Total dikaryons SS = SS dik.
Values of r2 and the partition of the total variance of dikaryons based on these values are presented in table 8. It can be seen from this table that the amount of variation which can be related to differences among monokaryotic parents, VM, is small in comparison with the additive variation (table 6), Vp, among the dikaryons. An interpretation of this will be given in the discussion.
In general, dikaryons grow faster than monokaryons (figs. 2 and 3). By comparing each dikaryotic growth rate with that of its two parental monokaryons, one finds three categories of relationships between dikaryon and monokaryons: (i) Most dikaryons grow faster than both parental monokaryons, (ii) others have a growth rate intermediate between the parental monokaryotic values and (iii) a few grow slower than either parental monokaryon. Table 9 summarises these relationships which are shown in figs. 7 and 8. 
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O3oI9 The biometrical analysis of the growth rates of dikaryons has clarified the nature of the genetic control of its variation. The outcome of the analysis shows that quantitative characters in fungi are not less suitable for biometrical analysis than comparable characters in higher plants or animals. On the contrary, the estimates of the various genetical and environmental components of variation obtained appear to agree with one another even better than in most biometrical analyses.
In addition to these estimates, the W/ Vr graphs show a very good agreement with a model which assumes additivity and dominance as the only genetical sources of variation. Two main factors have helped us to obtain these satisfying results:
first, the simple genetic situation with the absence of non-al1eli interaction, and second, the stability of the controlled environment, which resulted in only a relatively small, and constant, environmental component of variation (see the VE column in tables 6 and 8 The biometrical analysis shows that additivity and dominance exist in dikaryons, and behave in a manner similar to that found in diploids. Allelic interaction, i.e. dominance, seems to operate between nuclei (in dikaryons) separated by two nuclear membranes as well as within a nucleus (in diploids). Raper and Krongelb (1958) support the similarity between diploids and dikaryons: they have shown that Bug's ear and Corraloid, which are two abnormal characters of the fluiting bodies in Schiophyllum commune, are in fact determined by major genes which show dominance in the dikaryotic state.
The analysis of array variances and covariances shows that dominance in loci effecting growth of dikaryons is ambi-directional, that is at some loci the increasing alleles are dominant while at other loci it is the decreasing alleles that are dominant. Such a situation suggests that the character has been subjected to stabilising selection as the main force of natural selection. Thus growth rate in Schiophyllum is comparable with chaet number in Drosophila (Breese and Mather, 1960; Mather, 1960) , that is we have a central optimum for these characters with both extremes at a disadvantage relative to the more central values.
An incidental result of adopting the biometrical approach is that it has solved a long-standing controversy, namely the relation between the growth rates of monokaryons and dikaryons in the Hymenomycetes. Buller (ii, p. 199) writes:-"If exact comparative measurements of the rate of growth of a diploid mycelium of C. lagopus and of the two haploids from which it has been derived were to be made, it would probably be found that the diploid always grows slightly more rapidly than either of the haploids. Possibly it is a general rule in the Hymenomycetes that diploid mycelia grow faster than their component haploids; but whether this is so or not needs to be decided by exact investigation." Several such investigations have been reported in the literature, but the different generalisations and statements based on them are conflicting. We ourselves (Croft and Simchen, in preparation) ? faster Kaufert (1936) Polyporus abietinus .
i 2 faster Fries and Aschen (1952) which the dikaryon is slower than the monokaryons. The relationship between growth rates of a dikaryon and its parental monokaryons depends therefore on the genotypic constitution of the component monokaryons, and not only on the dikaryotic state per se, just as does stability in development of heterozygotes (Jinks and Mather, i) which depends on the gene content and not on heterozygosity per se. Another point of disagreement between some of the authors cited in table io is the correlation between the growth rates of a dikaryon and its parental monokaryons. Although none of these authors has carried out a statistical analysis of his data for the presence of such a correlation, they do discuss this correlation. Our results prove the existence of such a correlation, but also show that most of the genetic variation in growth rate of dikaryons is not correlated with variation in monokaryons, i.e. most genes which determine growth rate in dikaryons, either do not act in monokaryons or act in a different way. (Compare  also Vai, from table 8, with V,, from table 6 .) This conclusion is not surprising and indeed it is to be expected. Dikaryons and monokaryons differ considerably in the mechanism of elongation of hyph and cell division: while in a division of a dikaryotic cell both nuclei divide simultaneously and form a clamp-connection, the division of a monokaryotic cell is rather simple and does not require the formation of complicated structures like the clamps. The function and importance of both stages in the life cycle do not seem to be equal-growth of dikaryons must ultimately be the more important. The monokaryon is a temporary stage which comes to an end when two compatible monokaryons meet. On the other hand, a dikaryon which is able to grow faster and spread over a larger area, has the possibility of forming more fruiting bodies, providing of course it does not grow so fast that it exhausts all the food resources in the habitat. But competition between faster and slower growing dikaryons is not the whole story because monokaryons and dikaryons grow together in the same habitat and hence monokaryons presumably compete with dikaryons in their growth. The situation is further complicated by nuclear migration (Snider and Raper, 1958) and di-mon matings (Buller, 1931) . 3. By calculating W/VT values, a genetic model which assumes additivity and dominance only has been shown to account for all the variation obtained. Thus dominance seems to be the only type of genetic interaction existing for the examined character. Dominance seems to be ambi-directional, suggesting that growth rate of dikaryons has been subjected to stabilising selection.
. A regression analysis of the growth rates of dikaryons on their mid-parents monokaryotic growth rates provides an alternative method of estimating the components of variation for dikaryotic growth rate. Estimates are obtained of an heritable component which is correlated with growth rate of parental monokaryons, and of an heritable component which is not correlated. It is concluded that most variation in dikaryons is not correlated with variation in monokaryons, hence genes act in a different way in the monokaryotic and dikaryotic stages in the life cycle of Sc/i L-op hyllum.
5. The relationship between the growth rate of a dikaryon and the growth rates of parental monokaryons depends on the genotypic constitutions of the two contributing parents. Most dikaryons grow faster than both parental monokaryons, others have an intermediate growth rate, and a few grow slower than either parental monokaryon.
